Receptor tyrosine kinases (RTKs) play important roles in cellular proliferation, differentiation, and survival. We performed reverse transcriptase-polymerase chain reactions (RT-PCR) from enriched embryonic day 5 (ES) chick motoneurons by panning to identify RTKs involved in the early development of motoneuron. In situ hybridization revealed that Cek8, a member of the eph family, was specifically expressed on motoneurons at the brachial and lumbar segments of the spinal cord which innervate limb muscles, and disappeared after the naturally occurring cell death period (E6-Ell). Immunohistochemistry using an anti-Cekf3 monoclonal antibody showed the localization of Cek8 protein at the cell bodies and axonal fibers of motoneurons and muscles. The unique expression of Cek8 suggests its involvement in cellular survival or cell-cell interactions for specific subpopulations of developing motoneurons.
Introduction
Receptor tyrosine kinases (RTKs) play critical roles in a diverse array of cellular responses such as growth, differentiation, and survival in both vertebrate and invertebrate animals (Schlessinger and Ullrich, 1992) . Upon ligand binding, receptors become dimerized and activated, resulting in their phosphorylation, as well as that of intracellular substrates (Ullrich and Schlessinger, 1990) . The tyrosine phosphorylation level is high in the early embryo but decreases to a relative low level in the later stage of embryogenesis and in adults, suggesting that RTKs are key regulators of developmental processes (Maher and Pasquale, 1988) .
In the development of nervous system several RTKs participate in embryonic development.
For example, the proper differentiation of precursor cells to R7 photorecep-* Corresponding author. Tel.: +81 96 3735294; fax : +8196 3643554.
tor cells in the Drosophila eye is dependent upon the expression and TK activity of the sevenless gene product (Basler et al., 1991) . Neurotrophins rescue cell death and promote the survival of subsets of neuronal populations interacting with their receptors, the trk RTK family (Korsching, 1993) . The eph family of RTKs is thought to be involved in the formation of morphological bulges, the rhombomeres, in the hindbrain Gilardi-Hebenstreit et al., 1992; Becker et al., 1994) . Using reverse transcriptase-polymerase chain reactions (RT-PCR), Lai and Lemke (1991) have isolated diverse TKs which are differentially expressed in the nervous system. Thus, it is likely that each RTK is expressed in a specific tissue at a particular time and that it exerts its intrinsic function during neuronal development.
Here, we attempted to isolate the RTKs that specifically regulate the early development of motoneurons. Using degenerate oligonucleotide primers designed for the highly conserved kinase catalytic domain (Hanks et al., 1988) , we performed RT-PCR which enabled isolation of diverse TKs. As a biological source, we used enriched embryonic day 5 (E5) motoneurons, just before the naturally occurring motoneuron cell death period. To date, RTKs comprise at least nine subfamilies based upon their structural motifs (Fantl et al., 1993) . From enriched motoneurons, we identified seven RTK subfamilies and five non-classified RTKs (Nakamura et al., in preparation) . Among them we found that eph-related RTK, which appears to represent a chick homologue of Sek-1 (GilardiHebenstreit et al., 1992; Becker et al., 1994) , was transiently and uniquely expressed on motoneurons of the brachial and lumbar segments and limb muscles. Sajjadi and Pasquale (1993) have reported the sequence of Cek8, which is 843 amino acids long and identical except for one amino acid, to the corresponding sequence of Cek8 (amino acid position 138). Cek8 seems to be identical to our cDNA, but the nucleotide sequence of the Cek8 is incomplete. To avoid the confusion of the names, we designate our cDNA as Cek8. The tyro-1 gene, identified in the rat (Lai and Lemke, 1991) , encodes a 55 amino acid long kinase catalytic domain identical to the corresponding sequence of Cek8. It seems likely that tyro-1 is a rat homologue of Cek8 and Sek-1.
We report the molecular cloning and expression of Cek8 during the development of the spinal cord and limb bud, identified by both in situ hybridization and immunohistochemistry. A monoclonal antibody (MAb) generated against Cek8-Fc fusion protein stained the cell bodies and axonal fibers of motoneurons and muscles. The possibility that Cek8 is a receptor for a muscle-derived neurotrophic factor(s) of motoneuron subsets, or involved in cell-cell interactions during early development of nervous system is discussed.
Results

cDNA cloning of Cek8 by RT-PCR from enriched motoneurons
Motoneurons from E5 chick embryo spinal cords were enriched by 'panning' on dishes coated with SC1 monoclonal antibody (MAb SCl) which specifically recognizes motoneurons and floor plate cells in the chick embryo spinal cord (Tanaka and Obata, 1984) , then used as a template for RT-PCR. Degenerate oligonucleotide probes based upon the conserved regions of the TK catalytic domain (HRDLA and DVWSFTY) and modified to eliminate non-RTKs, especially src family, were selected as PCR primers (Wilks, 1989; Iwama et al., 1994) . Amplified PCR-fragments (-210 bp) were subcloned into the pBluescript and the nucleotide and predicted amino acid sequences of the cDNA inserts were compared with those of known TKs. To obtain motoneuron-specific RTKs, we carried out in situ hybridization using the isolated cDNA fragments as probes. The hybridization signal of the clone Cek8 was transiently and specifically localized at subsets of motoneurons in the spinal cord (see below); we therefore focused on the characterization of Cek8.
Screening of the El4 chick embryo spinal cord cDNA library with the PCR clone yielded two positive clones (Cek8 and Cek8a), and the cDNA inserts of them appeared similar (-6.0 kb). As EcoRI-EcoRI fragments (-3.6 kb) of these clones contained the entire coding region, we have cloned the cDNA fragments (sequence available from DDBJ). Whereas the restriction maps generated by various restriction enzymes seemed to be identical between two clones, Cek8a has a cDNA insertion of 31 bp at position 2849 of the nucleotide sequence and downstream of it is not translated, resulting in the lack of 37 amino acids of the C-terminal (Fig. 1) . A computer analysis of the amino acid sequence predicted from Cek8 cDNA revealed 94% similarity with Sek-1 and complete identity of the kinase catalytic domains.
Northern blot of Cek8
To investigate the expression of Cek8, mRNA was prepared from E5 spinal cords. We used a RNA probe encompassing the entire Cek8, and it hybridized with a single band of 6.0 kb (Fig. 2) which was the same size as the probe for Cek8 hybridized with other tissues (Sajjadi and Pasquale, 1993) . Thus, the cloned Cek8 and Cek8a seemed to be almost the full length of Cek8 cDNA.
Localization of Cek8 mRNA in the spinal cord and the limb bud
In the spinal cord, Cek8 transcripts were*detected very weakly at E4 (data not shown). At E5 embryo, Cek8 was detected on the ventricular layer where undifferentiated cells were located, and at high level on the lateral motor column of the lumbar region where differentiated motoneurons extend axons into the limbs (Fig. 3A) . Motoneurons of brachial region also expressed Cek8 mRNA at a similar level to that of the lumbar region (data not shown), whereas on the motoneurons of the thoracic region, which extend axons to the body muscles but not to the wing and limb, Cek8 transcripts were mostly not detected (Fig. 3B ). The expression of the transcripts peaked at E5-E6, then decreased gradually at E7 (Fig. 3C) . By El0 only a few cells expressed the transcripts (Fig. 3D ). Transcripts of Cek8 were not detected in the spinal cord with our experimental procedures at El4 (data not shown).
Whole-mount in situ hybridization demonstrated the unique expression of Cek8 in the wing and hind limb bud. The Cek8 transcripts appeared at E4 in the vicinity of the progress zone ( Fig. 3E ). At E5, the transcripts were restricted to the posterodistal region ( Fig. 3F ). At E6, they were more restricted to the posterodistal site ( Fig. 3G ) (C,F) . Note that Cek8 is expressed on the lateral lateral motor column at LS 3 but whole lateral motor column at LS 6. The expression of Cek8 is also observed on a few nerve fibers growing to the body muscle (arrowheads in (E)). Abbreviations: d, dorsal root ganglion; m, motoneurons; n, notochord; df, dorsal funiculus; f, floor plate. Bar: 160pm. and could not be detected at E7 in the distal region of the limb (data not shown). Hybridization signals for Cek8 in both wing and hind limb buds were similar by temporal and spatial expression.
Expression of Cek8 protein in the developing spinal cord
To examine the expression and distribution of Cek8 protein, we generated a monoclonal antibody (MAb) against the extracellular domain of Cek8 protein fused to the hinge and Fc region of human IgG. We then performed an immunohistochemical study at different stages. Whole-mount immunostaining was carried out to detect Cek8 at stage 12 (Fig. 4A ). Cek8 staining was observed at alternating rhombomeres r3 and r5 in the hindbrain, the otocyst, newly formed somites, and primitive streak (Fig. 4A) . Fig. 4B ,C show the overall view of Cek8 protein expression at lumbar region at E4 or E5, respectively. At E4, antXek8 MAb 6-4A stained the ventricular layer and distal area of the limb bud ( Fig. 4B ). At E5, Cek8 was expressed on the motor column and it was detected on cell bodies and axonal fibers of motoneurons that innervated limb muscles (Fig. 4C ). The expression of Cek8 was restricted to the posterodistal region of the limb, but the mesenchymal cells at the limb base expressed Cek8 (Fig. 4C) . Cek8 was also expressed on the myotome (Fig. 4C) . MAb SC1 was used as a marker for cell bodies and axonal fibers of motoneurons (Fig. 4D) . Comparing the staining pattern of Cek8 with that of SC1 molecule, Cek8 is apparently expressed on subsets of cell bodies and axonal fibers of motoneurons (Fig. 4C,D) . The staining pattern of motoneurons at the brachial segments by MAb 6-4A was identical to that at the lumbar segments (data not shown). We could not determine whether Cek8 is expressed on the growth cone or not. At E12, only a few motoneurons weakly expressed this molecule (data not shown).
Cek8 is expressed on subtypes of motoneuron
To determine the precise localization of Cek8 in the motor column, we carried out immunohistochemistry in combination with in situ hybridization on serial sections of E6 lumbar spinal cord. Fig. 5 compared the distribution of SC1 molecule, Cek8 protein and mRNA in E6 spinal cord at different lumbosacral (LS) levels. SC1 molecule was expressed on cell bodies and axonal fibers of all motoneurons, floor plate, dorsal root ganglion, and dorsal funiculus (Fig. 5A,D) . At LS l-3 segments, Cek8 protein and mRNA were expressed on motoneurons located on the lateral lateral motor column (Fig. 5B,C) . At LS 4-8 segments, the expression of Cek8 protein and mRNA was spread to the whole column (Fig. 5E,F) . Although the majority of anti-Cek8 positive motoneuron axons entered the limb, axonal fibers to body muscles were also stained by MAb 6-4A (Fig. 5E ). These observations provide evidence that the expre>sion of Cek8 was restricted to the subpopulations of motoneurons in transverse plane of the spinal cord. The expression of Cek8 was not detected on the dorsal root ganglion (DRG) cell bodies and their central and peripheral fibers (Fig. SB,C ,E,F).
Transfection and protein blotting
A rabbit polyclonal antiserum generated against a synthesized peptide (amino acid 277-289) was used in protein blots. Cek8 and Cek8a cDNAs were subcloned into the pCAGGS expression vector (Niwa et al., 1991) and the constructs were transfected into COS cells. As shown in Fig. 6A , the antiserum recognized 120 kDa and 115 kDa transfectant proteins, respectively, but did not show any immunoreactive band for parental COS cells. We also examined whether or not the Cek8 and Cek8a expressed in the COS cells were phosphorylated on tyrosine residues (Fig. 6B) . Transfectants or parental COS cells immunoprecipitated with the anti-Cek8 MAb 6-4A were reacted with anti-phosphorylated tyrosine antibody. Cek8 (120 kDa) and Cek&z (115 kDa) proteins were immunoprecipitated from transfectants and detected using an anti-phosphorylated tyrosine antibody. Parental COS cells did not show any immunoreactive bands for the antibody under our experimental conditions. The pCAGGS-Cek8 construct was transfected into 293 cells and stable cell lines expressing Cek8 were generated. Cek8 expressing on 293 cells was not phosphorylated (data not shown), and COS cells or their culture supernatants (data not shown) could not induced the phosphorylation of Cek8 (Fig. 6C) . When the transfectants (293-Cek8#10) were incubated with rat BRL-3A cells expressing, ELF-l, the possible ligand for Sek-1 (Cheng and Flanagan, 1994) , the phosphorylation of Cek8 was induced (Fig. 6C) . While the mechanism of phosphorylation of Cek8 expressed on COS cells was unclear, Cek8 phosphorylation with rat ELF-l suggested that ELF-l was a candidate for Cek8 ligand.
Discussion
In this study, we isolated a RTK, Cek8, from enriched motoneurons by RT-PCR. Sek-1 is expressed in alternating rhombomeres r3 and r5 in the mouse hindbrain and developing somites and thought to be involved in the establishment of segmentation and to have a role in cellcell interactions that establish cellular differences Gilardi-Hebenstreit et al., 1992; Becker et al., 1994) . The amino acid sequence of Cek8 showed 94% identity with Sek-1 protein. Whole-mount immunochemistry indicated that the expression of Cek8 was identical to that of Sek-1 in the hindbrain and developing somites Gilardi-Hebenstreit et al., 1992) .
For the specificity of anti-Cek8 MAb, while we could not completely exclude a possibility that it recognized different eph family members with close homology, the staining pattern with it at spinal cord, hindbrain, otic vesicle, and developing somites was correlated with the localization of Cek8 mRNA. Moreover, we immunoprecipitated a protein by anti-Cek8 MAb and reacted it with anti-peptide polyclonal antibody in protein blotting. As polyclonal antibodies generated against two different unique sites of Cek8 also recognized the protein immunoprecipitated by anti-Cek8 MAb (data not shown), our data suggest that the MAb used in this study is specific for Cek8.
Cek8 is a member of the eph family of RTK
Cek8 is a member of the eph family which consists of an .Ig domain, a cystkine-rich domain, two fibronectin type III (FNIII) motifs, and a TK domain. The Ig domain and FNIII motif are included in a number of neural cell adhesion molecules (Hynes and Lander, 1992) and may function in protein-protein interactions at the cell surface. However, the functions of the eph-related RTKs in the development of the nervous system are almost totally unknown. Recently, neural kinase (Nuk), a member of the eph family, has been cloned and immunohistochemical analyses suggested that Nuk modulates cellular interactions during early patterning of the brain and during the initial stages of axonogenesis (Henkemeyer et al., 1994) . The similar subcellular localization of Cek8 to Nuk and the presence of same adhesive-type domains on its extracellular domain, suggest that Cek8 functions in cell-cell interactions during the formation of nervous system. In agreement with this suggestion, ELF-1, identified recently as a ligand for Sek-1 and Mek4 (Cheng and Flanagan, 1994) , is a membrane-bound protein and homologous to the ligand B61 for ECK which is a member of the eph family (Bartley et at., 1994) . Further, ligands for ephrelated kinases EHK-1 and ELK have been isolated (Davis et al., 1994) . It is suggested that ligands for eph family RTK constitute the family and function as a membrane-anchored form to contribute multiple cell-cell interactions (Davis et al., 1994) .
Transient expression in motoneurons innervating limb muscles
The expression of Cek8 on motoneurons is initiated at E5 just before the naturally occurring cell death period, peaks at E5-E6, and then gradually declines and ceases by E14. Cek8 is expressed on both cell bodies and axons of the motoneurons at the brachial and lumbar segments, but not or very weakly at the cervical, thoracic, and sacral segments. In a transverse plane of lumbar segment, Cek8 is expressed on subset of motoneurons at different LS level. Thus, Cek8 is transiently expressed on subsets of motoneurons that innervate the limb muscles and its expression overlaps the naturally occurring cell death period.
It is generally accepted that regional variation of the spinal cord along the rostro-caudal axis determines the differences in morphology and neuronal connectivity of motoneurons. The motoneuron columns in the brachial and lumbar segments are larger than those in non-limbinnervating segments (Oppenheim, 1989) , and are subdivided into motor pools which locate at characteristic positions relative to their innervating muscles (Landmesser, 1978; Hollyday, 1980) . Therefore, the population of motoneurons in the entire spinal cord are not the same, but nothing is known about how the differences among them are established during early development. At LS l-3 and 4-8 segments, Cek8 was expressed on the lateral and the whole lateral motor column, respectively. Though the expression of Cek8 was predominant on the lateral motor column, it was expressed very weakly on medial motor column. Only a few of the axons which innervated the body wall musculature was stained with anti-Cek8 MAb. These staining appears to be specific for Cek8 though we could not exclude the possibility of the cross-reacting with other eph RTK family members as described above. While information currently available does not yet permit us to correlate the expression of Cek8 to the neuronal connectivity, our findings from both in situ hybridization and immunohistochemistry indicate that Cek8 is a good marker molecule for specific subpopulations of motoneurons.
In the murine spinal cord, Sek-1 transcripts were initially expressed in the ventral area, spread to the dorsal region, and then finally were restricted to ventral area . In contrast, in the chicken spinal cord, the high expression level of the Cek8 transcripts was restricted to the lateral motor column. These differences between chick and mouse Sek may be due to embryonic stages and/or species differences.
Expression in limb bud
Cek8 in the limb bud was expressed in a distal region of the limb bud at E4, but repressed in the anterodistal area, resulting in expression in only the posterodistal area. These observations suggested that Cek8 is involved in anteroposterior specification during early morphogenesis of the limb bud, by interacting with its soluble and/or cell-surface associated ligand. It is therefore necessary to determine the exact localization of ELF-l and the cell types produced by this molecule. Another member of eph family, ECK, is expressed on limb bud in a very similar pattern (Ganju et al., 1994) . Moreover, several signaling molecules such as shh, FGFs, Hox-d genes and BMPs (Izpisua-Belmonte et al., 1991; Niswander and Martin, 1992; Dono and Zeller, 1994; Fallon et al., 1994; Francis et al., 1994; Laufer et al., 1994) were also expressed in distal mesenchyme of the limb bud and thought to control patterning in the developing limb. Thus, it seems likely that anteroposterior specification of the limb bud includes not only the above signal transduction cascades but also Cek8 and ELF-l interaction. The gene which regulates Cek8 expression in the limb might also do so in the cord.
Possible roles of Cek8
The roles regulated by Cek8 in the developing motoneurons remain to be defined. The spatial and temporal expression of Cek8 in the spinal cord suggests that Cek8 plays a role as a receptor for muscle-derived neurotrophic factor(s) for survival during the cell death period. The trk family is the most likely receptors for the musclederived survival factor(s). The in vivo administration of BDNF rescued motoneurons from naturally occurring cell death in the chick embryo (Oppenheim et al., 1992) and from axotomy-induced cell death in rat Sendtner et al., 1992) . Henderson et al. (1993) indicated that BDNF, NT.-3, and NT-5 prevented the death of cultured embryonic rat spinal motoneurons and that the mRNA for their receptors (t&B and trkC) were found in motoneurons (Dechant, et al., 1993; Williams, et al., 1993; Henderson et al., 1993) . Homozygous trkB or trkC mutant mice have multiple central and peripheral nervous system deficiencies and the number of motoneurons are reduced by about 35% (Klein et al., 1993) or 30% (Klein et al., 1994) respectively. In both, compensatory mechanisms might be provided between trkB and t.rkC, or other trophic factors are functional for motoneuron survival, especially because in the chick embryo survival of cultured motoneurons was not enhanced by BDNF, NT-3, or NT-5 (Henderson et al., 1993) . Therefore, it is possible that other trophic factors are functional for chick motoneuron survival. Since Sek-1 ligand, ELF-l, has been identified, the role of Cek8 and ELF-l in motoneuron survival should be clarified in cultures of purified motoneurons by panning (Bloch-Gallego et al., 1991) .
Much evidence has shown that protein-tyrosine phosphorylation was important during the growth of the neuronal growth cone. Genetic deletion of the Drosophila abl gene product revealed evidence of disrupted pathfinding by certain axons in the central nervous system (Elkins et al., 1990) . The v-src gene product caused neurite outgrowth from PC12 cells in the absence of the normally required NGF (Alema et al., 1985; Cox and Maness, 1991) . In addition, tyrosine phosphorylation in the growth cone or its filopodia might be a signaling mechanism that could respond to environmental cues controlling growth cone dynamics (Bixby and Jhabvala, 1993; Wu and Goldberg, 1993) . Recently, it was reported that activation of the FGF receptor, one of RTK, was involved in neurite outgrowth stimulated by Ll, N-CAM, and N-cadherin (Williams et al., 1994) . Sek-1 ligand ELF-l also makes it possible to examine whether Cek8 participates in motoneuron axonal growth. When transfectants expressing Cek8 were cocultured with BRL-3A cell line that expressed rat ELF-l (Cheng and Flanagan, 1994) , the phosphorylation of Cek8 was induced. Although Rat ELF-l appears to bind to Cek8 and serve as a ligand for it, we cannot completely exclude the possibility that 293 cell line might express the another eph RTKs which bind to ELF-l or that BRL-3A cell line might express some members of eph RTK ligand family which react to Cek8 and phosphorylate it. Considering the fact that the interaction of Cek8 and ELF-l in vitro is relatively low affinity, ELF-l expression does not overlap with any of the sites of Sek-1 expression in the 9.5d mouse embryo (Cheng and Flanagan, 1994) , and cross-reacting between eph RTK family and eph ligand family (Brambilla et al., 1995) , another functional ligand which has high affinity for Cek8 could exist. To obtain direct evidences for role of Cek8 during motoneuron development, we are now cloning chick ELF-l, examining the ligand-receptor interactions between Cek8 and ELF-l, and screening MAbs that perturb the function of Cek8.
Experimental procedures
Motoneuron purification and RNA preparation
Spinal cords were dissected from E5 chick embryos which had been incubated at 38"C, washed with Ca*+ and Mg*+-free Hanks' balanced salt solution (CMF-Hanks), then with 0.05% trypsin (type I; Sigma) for 15 min in CMF-Hanks at 37°C. The tissues were washed with culture medium (Ham's F12 and Dulbecco's modified Eagle's medium (1:l) containing 10% horse serum and 5% chick embryo extract), then triturated to give a single-cell suspension. Motoneurons were enriched by panning using MAb SC1 as described previously (Bloch-Gallego et al., 1991) . Total RNA of the enriched motoneurons was extracted using guanidinium thiocyanate-phenol-chloroform (Chomczynski and Sacchi, 1987) .
PCR amplification and cloning
The total RNA of enriched motoneurons from eight spinal cords was used as a template in PCR amplification with the 5' degenerate primer 5'-TAGTCGACA(UT)-(A/C)G(A/G)GA(C!T)(C/T)T(ACG)GC-3', which corresponds to the peptide sequence HRDLA of the catalytic domain and contains a Sal1 restriction site, and with the 3' degenerate primer 5'-GGAATTCCA(A/T)AGGACCA-(C/G)AC(A/G)TC-3', which corresponds to the peptide sequence DVWS(Y/F) of the kinase catalytic domain and contains an EcoRI restriction site (Iwama et al., 1994) . Forty cycles of amplification proceeded at 94°C for 1 min, 42°C or 37°C for 2 min, and 72°C for 2 min. Amplified DNA was digested with Sal1 and EcoRI, then subcloned into pBluescript (Stratagene).
Construction and screening of a cDNA library
A cDNA library was constructed in lZAP II (Stratagene) from El4 lumbar spinal cord, and it contained 7 x lo5 independent recombinants.
The PCR generated cDNA fragment of Cek8 was used to screen the cDNA library by the standard method (Sambrook et al., 1989) .
DNA sequencing and computer analysis
The cDNA fragments generated by PCR and the 3.6 kb cDNA insert were sequenced using an Applied Biosysterns 373A automated DNA sequencer. DNA and the amino acid sequence data were analyzed using the GENETYX computer programs.
Northern blot analysis
Northern blotting was performed by the standard method (Sambrook et al., 1989) . Briefly, mRNA of E5 spinal cords (5 pg) was electrophoresed, transferred to HybondN+ (Amersham), and then hybridized with 32P-labeled RNA probe derived from the clone Cek8 encoding the entire coding region. The autoradiogram was analyzed by the use of Fujix Bio-Image Analyzer BAS 2000.
In situ hybridization
Digoxigenin (DIG)-labeled probes were prepared from PCR-generated cDNA fragments and the clone Cek8 according to the manufacturer's instructions (BoehringerMannheim). Whole-mount in situ hybridization was performed according to Wilkinson (1992) . The spinal cords and limb buds were dissected from the embryos and fixed in 4% paraformaldehyde (PFA), pretreated, and then hybridized with 1 ,ug/ml RNA probe. After washing, the tissues were blocked with 10% sheep serum, and then incubated with alkaline phosphatase-conjugated anti-DIG antibody. Signals were detected by the nitrobluetetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate substrate reaction.
For in situ hybridization of frozen sections, fresh frozen sections (10 pm) of the spinal cords were fixed with 4% PFA and processed for in situ hybridization.
The probe was the same as that used for whole-mount in situ hybridization. Sections were hybridized at 50°C for 16 h, washed, and then blocked with 10% sheep serum. After the antibody incubation, reaction was developed then stopped at the appropriate time.
Production of anti-Cek8 antibodies
Rabbit antisera were generated using synthesized peptides (amino acids residues 126-137, 262-271, and 277-289) conjugated to keyhole limpet hemocyanin. Animals were immunized with 1 mg of the conjugate in Freund's complete adjuvant, followed by three boosts at 2-week intervals.
The expression plasmid for Cek8-Fc was constructed with the extracellular domain of Cek8 (amino acid residues l-547) and the Fc region of the human immunoglobulin gene (Nishimura et al., 1987) in the pEF-BOS expression vector (Mizushima and Nagata, 1990) . The Cek8-Fc fusion protein was transiently produced in COS cells and purified from culture supernatants using a protein A-Sepharose column. BALB/c female mouse was immunized at 2-week intervals with the chimeric protein (1OOpg). Cell fusion was performed according to the standard methods of Kohler and Milstein (1975) .
Immunohistochemistry
Whole embryos were fixed in 4% PFA in PBS for 3 h at 4°C dehydrated in a methanol series, and then bleached in 80% methanol/20% H202 for 6 h at RT, which also inactivated endogenous peroxidases. After rehydration, embryos were blocked with PBS containing 2% skim milk and 0.01% Triton X-100 (PBSMT) for 2 h at RT, then reacted with anti-Cek8 MAb 6-4A for 6 h at 4°C. After washing with PBSMT, the embryos were incubated with HRP-conjugated anti-mouse IgG (JIR) for 6 h at 4°C. Cek8 was visualized by means of the peroxidase-DAB substrate reaction.
For immunohistochemistry on sections, chick embryos at various stages were fixed with 4% PFA in PBS for 6 h at 4°C immersed overnight in PBS containing 20% sucrose at 4°C embedded in OCT compound (Tissue Tek II, Miles), then frozen. Cryostat sections (14 pm) were mounted on slides coated with 1% gelatin and 0.1% chromium potassium sulfate, incubated with MAb 6-4A for 1 h at RT. After washing in PBS, sections were incubated with biotin-conjugated goat anti-mouse IgG, then with avidin-biotin-HRP reagent according to the instruc-tions of the Vectastain ABC kit (Vector). The staining was also visualized by means of the peroxidase-DAB substrate reaction. For the analysis of Cek8 expression by in situ hybridization in combination with immunohistochemistry, embryos (E6) were fixed overnight with 4% PFA in PBS at 4"C, transferred to 0.5 M sucrose/4% PFA, and gently shaken for 3 h at 4°C. After washing with PBS, they were transferred to 0.5 M sucrose in PBS and gently shaken for 2 h at 4°C. The embryos were excised, embedded, and then frozen. Sections (lO-14pm) were alternately collected onto poly+lysine coated slides for in situ hybridization and onto gelatin coated slides for immunohistochemistry, and proceeded as described above.
Expression of Cek8 cDNA, immunoblotting, and immunoprecipitation
The complete 3.6 kb Cek8 and Cek8a cDNAs were cloned into the EcoRI site of the pCAGGS vector (Niwa et al., 1991) . The constructs (pCAGGS-Cek8 and pCAGGS-Cek8a) were introduced into COS cells by CaP04 technique (Chen and Okayama, 1987) .
For immunoblotting, COS cells transfected with pCAGGS-Cek8 (5 X 104) were cultured in Ham's F12 and Dulbecco's modified Eagle's medium (1:l) supplemented with 10% fetal calf serum for 3 days and suspended in SDS-PAGE sample buffer, boiled, electrophoresed by SDS-PAGE (7.5% gel; Laemmli, 1970) , and then blotted to the nitrocellulose membrane (Towbin et al., 1979) . After blocking with 5% skim milk in PBS, the membranes were incubated with anti-peptide antiserum, washed, and then reacted with HRP conjugated anti-rabbit IgG (Wako). The immunoreactivity was developed by the ECL detection system (Amersham).
For immunoprecipitation, cells (3 x 105) were washed twice in CMF-Hanks prior to homogenization in PLClysis buffer on ice (50 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgC12, 1 mM EDTA, 100 mM NaF, 0.1 mM leupeptin, 1 mM Na3V04, and 1 mM PMSF). Lysates were incubated with 5pg of affinity-purified MAb 6-4A for 1 h at 4"C, after which time 100 ~1 of preswollen protein A-Sepharose was added and incubated for an additional 30 min at 4°C. The immune complexes were washed three times with PLClysis buffer. The immunoprecipitates were separated by SDS-PAGE, blotted, then incubated with mouse antiphosphotyrosine antibody (UBI). After washing, the membranes were incubated with HRP-conjugated antimouse IgG (Wako). The immunoreactivity was detected by ECL detection system.
Human kidney cell line (293 cell) was cotransfected with pCAGGS-Cek8 constructs and pSTneoB (Katoh et al., 1987) and selected for G418 resistance (4OOpg/ml). 293-Cek8#10 cells (5 X 106) with BRL-3A cells (5 X 106) or COS cells (5 X 106) were suspended in 0.5 ml culture medium for 30 min at 37"C, immunoprecipitated, blotted, and reacted with anti-phosphotyrosine antibody as above.
